We summarize the current understanding of BEOL TDDB lifetimes models. We first review long-term TDDB data studying the intrinsic reliability behavior of low-k materials, where imec's so-called p-cap test vehicle was employed. Then, damascene data, where copper lines are integrated in the low-k materials, are discussed. When simply assuming that the electric field scales inversely proportional with spacing, not taking into account the impact of process variability like line-edge-roughness, line-to-line overlay errors and via-to-line misalignment, the impact damage model and the power law fit the available data in the best way over the wide range of applied fields. Finally, we discuss the eventual impact of this process variability on the assessment of life-time models and make recommendations for future work. Time dependent dielectric breakdown (TDDB) of porous interor intra-level low-k dielectrics used in advanced back-end-of-line (BEOL) interconnects 1-3 is a serious reliability concern where a severe degradation with porosity increase and spacing scaling is reported, 4, 5 Current leading edge CMOS technology development focusses on 10 nm and 7 nm nodes, where line-to-line/via spacings below 20 nm and dielectrics with a k-value below 2.4 are being integrated.
Time dependent dielectric breakdown (TDDB) of porous interor intra-level low-k dielectrics used in advanced back-end-of-line (BEOL) interconnects [1] [2] [3] is a serious reliability concern where a severe degradation with porosity increase and spacing scaling is reported, 4, 5 Current leading edge CMOS technology development focusses on 10 nm and 7 nm nodes, where line-to-line/via spacings below 20 nm and dielectrics with a k-value below 2.4 are being integrated. 6 With such aggressive dimensions and porosity, meeting reliability specifications becomes difficult. Recent literature proposes data analysis methods where process variability like line-edge-roughness (LER), line-to-line overlay errors and via-to-line misalignment are taken into account, 7, 8 where a proper data analysis leads to more optimistic lifetime predictions, mainly because of correct estimates of the Weibull slope β. Besides process variability, another key-element for such predictions is the assumption of a TDDB life-time model that is used to predict life-time data from high voltage/field conditions to operating conditions. Current reliability test standards 9 make use of both the E-and √ E-model, where the relation between failure time TTF and field E is assumed to be TTF∼exp(-γE) and the TTF∼exp(-α √ E), respectively. γ and α are so-called acceleration factors. The physics behind these models have been widely discussed in the literature. The E-model has been proposed both for gate oxides and BEOL dielectrics. [10] [11] [12] [13] Theoretical justifications were based on the assumption that weak bonds in the dielectric can be broken by applying an external electric field 13 or that Cu-ion diffusion and drift through the dielectric forms leakage passages and results in dielectric breakdown. 11 The √ E-model was first introduced for Si 3 N 4 -based capacitors in GaAs MMICs 14 and has been proposed more recently for BEOL dielectrics. 15, 16 This model was motivated by assuming dielectric degradation due to Cu-ion drift through the dielectric and on the observation that the two main conduction mechanisms (Poole-Frenkel and Schottky Emission) have a √ E-dependency of the leakage current. Note that there is no general agreement on the role of copper during TDDB in integrated interconnects. Where Yeap, et al. 17 show that copper does not seem to play a role when barriers are intact, the same authors do detect copper diffusion in case of partly branched barriers. Furthermore, it is shown that copper-presence dramatically affects life-time models when deposited directly on dielectrics without the presence of a barrier. 3, 18 Other models proposed for dielectric reliability are the impact damage (ID) model, the power law (PL) and the 1/E-model. The impact damage model was proposed by Lloyd et al. 19, 20 The key assumption z E-mail: Kristof.croes@imec.be in this model is that damage induced to the low-k material by electrons that are accelerated by the electric field is directly linked to failure. The 1/E-terms is related to the threshold path length needed for an electron to gain sufficient energy to create damage to the dielectric, where damage is related to the displacement of hydrogen atoms. 20 The √ E-term has the same origin as in the √ E-model (see above). The power law model has not been proposed for BEOL dielectrics but received quite some attention for TDDB of gate dielectrics. 21, 22 Physics behind this model is that it is postulated that the interaction of released hydrogen with weak bonds in the bulk leads to defective bond generation. Also the 1/E-model has been proposed for gate oxide TDDB 23, 24 and the physics are based on the high energy hole-induced damage.
One of the key-reasons that the E and the √ E-model is used in today's reliability test standards 9 is that they are the two most conservative models proposed for BEOL dielectrics. The impact damage (ID) model, the power law and the 1/E-model, give more optimistic predictions at low fields/voltages ( Figure 1 , data taken from 25 ). E max values differ by several tenths of MV/cm for the different life-time models, where E max is defined as the maximum allowed field to meet required lifetimes. For advanced technology nodes, meeting life-time criteria at operating fields is becoming more and more difficult due to increased process variability, spacing reduction below 20 nm and porosity increase. Hence, an inevitable proof of a more relaxed model would significantly help the industry. 26 Because based on data at high fields it is not possible to distinguish between different models (Figure 1 ), safe statements about the validity of models can only be made by testing at much lower conditions. This paper summarizes recent low field literature data on different test vehicles, where both intrinsic and integrated damascene reliability data are reviewed. We end by discussing the eventual impact of process variability on the assessment of life-time models and make recommendations for future work.
Intrinsic Low-k Reliability
Data on test vehicles where copper lines are integrated in the low-k dielectric are required for reliability assessments during technology development and qualification. During integration, however, dielectrics are damaged when being subjected to plasma exposures, barrier deposition processes and CMP chemistries, which all influence the dielectric performance 27 ( Figure 2A ). Patterning small dimensions leads to significant LER, which influences narrow space dielectric reliability. [28] [29] [30] [31] [32] Also, line-to-line overlay errors and via-toline misalignment have a dramatic impact on reliability 33 and need to be taken into account in the data analysis. 7, 8 Finally, it is reported that the interface between the low-k dielectric and the dielectric cap layer is a leaky interface which also impacts the overall BEOL TDDB performance. 15, 16 In summary, the reliability of a low-k dielectric after damascene integration is different from the undamaged material directly after deposition. As fundamental knowledge of the conduction and degradation mechanisms in undamaged dielectric is useful to better understand the data after integration, imec developed a dedicated test vehicle (low-k planar capacitor or p-cap) to study the properties of undamaged low-k/barrier systems. 34, 35 ( Figure 2B ). Since no plasmas are involved after low-k deposition and the low-k material is not directly exposed to CMP-chemicals, the material is kept undamaged. Due to optimized rounded profiles, edge failures do not occur and nice area scaling was demonstrated. 36 As during the processing of the p-cap test vehicle, the different process variability's affecting damascene test vehicles are not present, the fields E in the low-k materials can be safely estimated by E = V/th low-k , where th low-k is the low-k thickness and V is the applied voltage over the capacitor.
Using the p-cap test vehicle, long-term reliability data of 17 months at the lowest stress condition have been taken on a low-k dielectric with k = 2.5.
25,37 Figure 3 shows the likelihood ratio of the different life-time models fitted to these data. The likelihood ratio test was proposed in 37 and allows a discrimination between different models with statistical confidence: the higher the likelihood ratio, the better the fit. It is clear the power law model fits the data best. Due to the fact that the ID-model has too many parameters, this model could not be fitted to this particular data set, where only a limited amount of different voltage conditions were applied (Figure 1) , where other statistical methods were proposed to fit the data (see later in Damascene low-k Reliability section). However, due to its similar functional form compared to the power law, this figure suggests that also the ID-model would fit the data well.
Recent data from Wu et al. 38 on k = 2.3 porous low-k dielectrics point out that also for materials with a lower k-value the power law and the ID-model fit the intrinsic reliability best. The authors used a newly proposed fitting technique to fit the ID-model, where also JE-curves and TTF vs J(t = 0) trends were used in the fitting process (J stands for current density). 39 In summary, long-term TDDB data on the reliability of undamaged porous low-k dielectrics strongly suggest a power law or ID-model dependency. As the physics of both models hypothesize hydrogenbonds that get broken during dielectric degradation, we recommend to focus future research on the effect of these particular bonds on BEOL TDDB reliability. Note that the ID-model relies on the assumption of Poole-Frenkel or Schottky Emission as conduction mechanism, making the study of conduction mechanisms important as well.
Damascene Low-k Reliability
Reliability data on undamaged low-k dielectrics are not affected by process induced damage and variability. For the interpretation of damascene data, however, these factors need to be taken into account, where it was shown that process induced damages indeed severely affect dielectric reliability. 25 As the impact of process variability on the assessment of life-time models is not clear, this impact will be dealt with as follows in this paper: in this section, we will review literature reports where the data are analyzed using standard reliability test procedures, 9 where field E is simply defined as V/s nom , (s nom refers to the nominal spacing) neglecting LER, line-to-line overlay errors and via-to-line misalignment. In the next section, we will discuss the current understanding of the impact of process variability on the assessment of life-time models.
Besides data in the p-cap test vehicle, the paper of Croes et al. 37 contains low voltage data on several damascene test vehicles where low-k materials of k = 2.5 and k = 3.0 were integrated in 90 nm and 30 nm 1 2 pitch, respectively. As for the data on undamaged low-k, the newly proposed likelihood ratio test was used to discriminate between different life-time models, where all data again strongly suggest power law dependency. As the acceleration factors of the different data sets, including the data on undamaged low-k mentioned above, were similar, the authors developed a maximum likelihood fitting procedure that allows fitting all data together with one single life-time model, where this routine was also able to fit the ID-model (Figure 1) . A strength of the method is that it allows to discriminate between models with a different number parameters. As the ID-model has one more acceleration factor compared to the other proposed models, it obviously fits data better. The proposed method takes the number of fitting parameters into account in a statistically correct way. From Figure 4 , it can be observed that from a statistical point of view, the power law and the impact damage model outperform all other proposed life-time models with 95% confidence. Note that >40 months of data were needed and an optimized maximum likelihood fitting procedure had to be developed to make such a strong statement possible.
Chery et al. 39 proposes and applies the new method described in the section on intrinsic low-k reliability to fit the ID-model to >1 year data obtained on damascene samples from a CMOS 28 nm node with 45 nm 1 2 pitch with k = 2.5 low-k dielectric. While the power law model is not considered in the paper, the ID-model fits the data best.
The recent paper of Liniger et al. 40 discusses low field results on 45 and 40 nm 1 2 pitch damascene test vehicles using a k = 2.5 low-k dielectric, where a high amount of samples (∼200) were measured at the low field conditions of 40 nm 1 2 pitch test vehicle. The data clearly suggest that the E-and √ E-model are too conservative to fit the obtained data.
In summary, when using standard approaches to analyze reliability data and when neglecting process variability, all recently published data suggest the E-and √ E-model are too conservative, where the ID-model and the power law model fit the data in the best way. This is similar compared to the data on the undamaged material, suggesting breakdown mechanisms do not change after damascene integration.
Impact of Process Variability on Life-Time Plots
The data on p-cap and damascene test vehicles discussed above were analyzed using standard procedures, 9 where the simple assumption that E = V/s nom is made. This is the correct approach for the data on undamaged low-k materials, but it is not the case for the data on the damascene test vehicles as they are affected by process variability like LER, line-to-line overlay errors and via-to-line misalignment. As the damascene data described in the Damascene low-k Reliability section were taken from single damascene test vehicles, via-to-line misalignment will not be discussed in this paper and we will focus on LER and line-to-line overlay errors only.
LER has been extensively discussed in literature. [28] [29] [30] [31] [32] 41, 42 Its impact on the functional form of life-time models, however, has been addressed in only a few studies, 29, 30, 41 in which the E-or √ E-model were assumed for the quantifications. For these models, LER has a higher impact at high fields, which leads to a life-time plot which curves down with field ( Figure 5A ). 30 Note that this impact is rather small for LER-values corresponding to mature technologies. 30 When assuming the power law, the functional form of the life-time plot does not change with field ( Figure 5B ) and for more optimistic models like the ID-model or the 1/E-model, the LER impact becomes higher with decreasing field ( Figure 5C ). Besides impacting the Weibull scale parameter t 63.2% , LER also affects the dependency of the Weibull slope β with field: the E-and √ E-model lead to a higher, the power law to an independent and the ID-and 1/E-model to a lower β with field due Note that the increase in life-time and E max by using a more relaxed life-time model is smaller due to process variability. Where, for example, the impact of process variability is very small at low fields for the √ E-model, its impact is significant for the power law, leading to smaller differences between different models. An exact quantification of this difference is needed.
In summary, simulations suggest that the functional form of the life-time plot is affected by process variability, where more research is needed to quantify its impact on TDDB life-time model assessments, for current and more advanced technology nodes. Also, more research is required to evaluate the impact of the assumptions made during the quantifications of the LER impact, where a normal distribution of the spacing variation along the line-space and a constant field across the line-space is assumed.
29,30

Conclusions
We reviewed literature data concerning the current understanding of TDDB life-time models. When assuming fields scale with voltage and inversely scale with nominal spacing, and when neglecting process variability, long-term data on both imec's p-cap test vehicle, which allows studying reliability properties of undamaged low-k, and standard damascene test vehicles suggest the E-and √ E-model are too conservative, where the power law and the impact damage model fit the data in the best way. As the physics of both models hypothesize hydrogen-bonds that get broken during dielectric degradation, we recommend to focus future research on the effect of these particular bonds on BEOL TDDB reliability.
We also reviewed current understanding of the impact of process variability on the assessment of life-time models, where the functional form of the Weibull's scale parameter is impacted, but no further change is expected for lower percentiles as the effect of a changing Weibull shape parameter with field does not influence the functional form any further. Further studies are needed to quantify the impact of process variability on life-time model assessment, where we believe
